In the yeast Saccharomyces cerevisiae Aft1, the low iron-sensing transcription factor is known to regulate the expression of the FET3 gene. However, we found that a strain-lacking FET3 is more sensitive to copper excess than a strain-lacking AFT1, and accordingly, FET3 expression is not fully compromised in the latter. These findings suggest that, under such conditions, another regulator comes into play and controls FET3 expression. In this work, we identify Ace1, the regulator of copper detoxification genes, as a regulator of FET3. We suggest that the activation of FET3 by Ace1 prevents the hyper activation of Aft1, possibly by assuring the adequate functioning of mitochondrial iron-sulfur cluster biogenesis. While reinforcing the link between iron and copper homeostasis, this work unveils a novel protection mechanism against copper toxicity mediated by Ace1, which relies in the activation of FET3 and results in the restriction of Aft1 activity as a means to prevent excessive copper accumulation.
Introduction
The essential nature of copper (Cu) is counterbalanced by the toxic effect it exerts on cells when Cu levels are not properly controlled. Cu toxicity results from its high redox potential, which renders Cu ions prone to generate reactive oxygen species (ROS) via Fentontype reactions [1, 2] . Because of Cu essential and toxic properties, organisms have evolved complex mechanisms to meticulously regulate copper uptake and detoxification. In humans, defects in the homeostatic control of this metal give rise to serious disorders, such as the Menkes and Wilson diseases [3, 4] .
The key players of copper homeostasis are conserved among organisms, and in this sense, the yeast Saccharomyces cerevisiae has proven to be an invaluable tool to study eukaryotic copper homeostatic pathways [3] [4] [5] [6] [7] [8] . In S. cerevisiae, the high affinity transporters responsible for the uptake of Cu are Ctr1 and Ctr3 [9, 10] . Prior to its uptake through the Ctr transporters, Cu is reduced to Cu(I) by the ferric/cupric reductases, Fre1 and Fre2 [9, 11, 12] . The genes involved in the adaptation to Cu starvation are regulated by the Mac1 transcription factor [13] [14] [15] [16] . Cu excess leads to the activation of a different set of genes, such as the metallothioneins Cup1 and Crs5, which are regulated by the transcription factor Ace1 (Cup2) [17, 18] . Metallothioneins bind to free Cu present in the cytoplasm, limiting its toxicity [19] . Under such conditions, SOD1 gene coding for the Cu/Zn superoxide dismutase is also induced by Ace1 and plays an important dual role by mitigating Abbreviations Cu, copper; Fe, iron; ICP-AES, inductively coupled plasma atomic emission spectroscopy; ROS, reactive oxygen species.
Cu-driven ROS generation and buffering Cu ions [19] [20] [21] .
In S. cerevisiae, iron and copper metabolism are intimately linked. The high affinity iron transport system, composed of a complex formed between the Fet3 multicopper-oxidase and Ftr1 [22] , is activated under iron deficient conditions by the transcription factor Aft1 [23] . Iron uptake in yeast is partially dependent on copper, as the membrane multicopper-oxidase, Fet3, requires copper as a cofactor [9, 22] . Interestingly, FET3 gene expression is induced by copper [24, 25] and it appears to have a protective role in copper detoxification since the deletion of this gene renders cells highly sensitive to copper excess [24, 26] . Li and Kaplan proposed that yeast cells lacking Fet3 re-establish iron homeostasis by upregulating the low-affinity iron transporters, which transport not only iron but also copper, thereby leading to toxicity [27] . As Fet3 can use copper as a substrate, it was later proposed that the oxidation of Cu (I) to the less toxic species Cu(II) by Fet3 may constitute another line of protection mediated by this enzyme against copper toxicity [26] .
In this work, we show Ace1 regulation of FET3 expression in conditions of copper excess. We propose that FET3 activation by Ace1 serves a dual purpose: it contributes to buffer-free copper ions and it hampers the early activation of Aft1, therefore preventing the toxic accumulation of copper ions.
Results
The high accumulation of copper observed in yeast cells with impaired high affinity iron transport system is conveyed by the transcription factor Aft1
The transcription factor Aft1 is a well-known regulator of FET3 and FTR1 genes, which encode the so-called high-affinity iron transport system [23] . In this work, we have examined the growth phenotype of aft1 and fet3 mutant strains in the presence of copper excess and found that the latter is more sensitive than the former to copper surplus conditions (Fig. 1A) . Aiming to understand this unexpected finding, we measured, by inductively coupled plasma atomic emission spectroscopy (ICP-AES), the intracellular copper and iron concentrations in aft1, fet3 and in the double mutant aft1fet3, after treatment with copper excess (Fig. 1B,C , respectively). We observed that cells lacking FET3 are iron depleted, as compared to wild-type cells (Fig. 1C) and accumulate over 80% more copper than aft1 or wild-type cells (Fig. 1B) , which is in line with fet3 sensitivity to high copper concentrations (Fig. 1A) . High copper accumulation in the fet3 mutant has been reported by Li et al. [27] ; however here, we show that this phenomenon is mediated by Aft1, as deletion of the AFT1 gene from the fet3 background avoids copper accumulation (Fig. 1B) . Interestingly, the aft1 mutant showed impaired growth under control conditions (i.e., copper and iron replete media, Fig. 1A ). Similar observations were reported by other authors [28, 29] .
In an attempt to identify the players involved in fet3 copper accumulation, we searched in available literature for Aft1 targets known to encode membrane proteins and previously associated with copper transport. We found FET4, FRE1, and ARN4 as promising candidates. Fet4 is a plasma membrane low affinity iron transporter able to mediate the uptake of other divalent metals, including copper [15, 30, 31] . Fre1 is a membrane metalloreductase involved in the uptake of iron and copper [15, 23] . Arn4 is a siderophore-iron transporter [32] , whose expression increases in high copper millieu and whose deletion renders cells resistant to this metal [33] . FET4, FRE1, and ARN4 genes were next deleted from the fet3 background, and phenotypic growth assays were performed under copper loading conditions (Fig. 1D ). All the double mutants exhibited increased resistance to copper, with the effect of FRE1 deletion being the most pronounced (Fig. 1D) . None of the double deletions, however, were able to fully restore cellular growth, indicating the involvement of several players in copper uptake under copper surplus. Consistently with this idea, we observed that supplementation of the growth medium with divalent ions such as, iron, zinc, or manganese attenuates fet3 sensitivity to copper excess (Fig. 1E) .
Altogether the results here presented indicate that under copper loading conditions, the high accumulation of copper observed in the fet3 mutant is conveyed by Aft1. It is possible that the iron depletion observed in the fet3 mutant activates Aft1, which in turn upregulates the expression of low affinity metal transporters, thereby leading to copper accumulation.
FET3 gene expression is not fully dependent on Aft1 under copper surplus conditions
While identifying the copper regulon in Saccharomyces cerevisiae by DNA microarray analysis, Gross et al. [25] noticed that elevated copper levels also induced the expression of the high affinity iron uptake system. The authors further suggested that copper-induced expression of FET3 and FTR1 was mediated by Aft1 and arose from an indirect copper effect on the cellular iron pool [25] . However, if Aft1 was the main regulator of FET3 expression under such conditions, one would expect the mutant aft1 to be more sensitive than, or as sensitive as, the fet3 mutant, which is not the case (Fig. 1A) . Moreover, the fact that the double mutant aft1fet3 has a more pronounced growth defect in copper surplus compared to the aft1 single mutant (Fig. 1A) , further reinforces the idea that Fet3 expression cannot be fully dependent on Aft1.
To evaluate whether FET3 expression is independent of Aft1 under copper loading conditions, we generated a construct containing the FET3 promoter fused to the lacZ reporter gene (pFET3-LacZ) and mutated the functional Aft1 consensus site [23] located À254 bp upstream of the ATG translation initiation codon (MUTpFET3-LacZ, Fig. 2A ). The impact of this mutation on LacZ expression was next assessed by western blot, using an anti-b-galactosidase antibody. As illustrated in Fig. 2B , under copper replete conditions (time point 0 min), Aft1 controls FET3 expression. However, it is clear that FET3 expression increases after copper treatment, even in the absence of a functional Aft1-binding site in its promoter region (strain transformed with the MUTpFET3-LacZ construct).
Aiming at delimiting the promoter region responsible for the Aft1-independent FET3 activation, we generated a smaller LacZ-derivative construct containing a region of 500 bp upstream the ATG codon (À500pFET3-LacZ, Fig. 2C ). The resulting construct was next used to transform the wild-type strain and gene expression was followed as described above. We observed that the copper-induced expression of the reporter gene was drastically reduced in cells containing the À500pFET3-LacZ construct (Fig. 2D) , highlighting the relevance of the region between À863 bp and À500 bp in the regulation of FET3 expression. As a search using YEAS-TRACT [34] revealed the presence of a putative Aft1-binding site at position À670 bp (GGCACCC) in the FET3 promoter, we compared the pattern of gene expression directed by both constructs in aft1 mutant cells, in order to exclude the biological significance of the possible binding site. In line with the Aft1-independent regulation of FET3 under copper surplus, we continued to observe a drastic reduction in the reporter expression in aft1 cells carrying the À500pFET3-LacZ plasmid (Fig. 2E ).
These data clearly suggest the existence of an as yet unidentified regulator, which controls FET3 expression under copper excess.
Ace1 regulates FET3 expression under highcopper conditions
As the transcriptional response to copper overload is dependent on Ace1 [20, 35] , we put forward the hypothesis that Ace1 could as well play a role in regulating the expression of FET3. To test this, we analyzed the levels of FET3 transcripts in wild-type and ace1 mutant strains, before and after supplementation of the growth medium with 2 mM of CuSO 4 , by real-time RT-PCR (qRT-PCR, Fig. 3A ). Under non-stressed conditions (time point 0 min), both strains exhibited similar levels of FET3 mRNA, but FET3 transcripts were significantly depleted in the mutant after copper treatment. We next deleted AFT1 gene from the ace1 mutant background and followed by qRT-PCR FET3 mRNA levels. As depicted in Fig. 3B and corroborating the data illustrated in Fig. 2E , in the absence of Aft1, it was possible to observe a marked induction of FET3 expression, which was, however, strongly compromised upon deletion of ACE1. The expression of FET3 in the ace1 mutant strain was also assessed at the protein level. To this end, the ACE1 gene was deleted from a strain containing a TAP-tagged genomic version of FET3 (WT) and Fet3 expression was monitored by western blot using an anti-TAPtag antibody. In agreement with the gene expression data, we observed that Fet3 protein levels were higher in the WT strain than in the ace1 mutant (Fig. 3C) . In the promoter region of FET3, within the region previously shown to be relevant for gene upregulation after copper treatment (Fig. 2D) , we found two potential Ace1 consensus binding sites, with high homology with SOD1-binding site for Ace1 [20] , including seven conserved G residues shown to be relevant for ACE binding to CUP1 and SOD1 promoters [20, [36] [37] [38] (Fig. 3D) . These putative binding sites were deleted by PCR site-directed mutagenesis and protein levels driven by the resulting construct (DDace1-pFET3-HA, Fig. 3E,F) were evaluated. Comparison of FET3-HA expression dictated by pFET3-HA and DDace1-pFET3-HA constructs suggests that Ace1 sites are functional, as an accentuated decrease in Fet3-HA was observed in wild-type cells transformed with DDace1-pFET3-HA (Fig. 3F ).
Ace1 restricts Aft1 activation under copper excess conditions
In this work, we showed that in the absence of FET3, cells accumulate high amounts of copper in a Aft1-dependent manner (Fig. 1B) . We suggest that iron depletion caused by deletion of FET3 leads to the activation of Aft1 that in turn activates genes involved in the low-affinity metal uptake. In this context, it is reasonable to hypothesize that Ace1 activation of FET3 under copper loading serves to prevent cells from sensing copper-induced iron depletion, which would activate Aft1 and, consequently, increase cellular copper levels through its uptake via low-affinity iron transporters.
As a first approach to test this hypothesis, Aft1 activity in the WT and ace1 strains was monitored by The symbol * indicates conserved G residues in the sense strand. The symbol ∧ indicates conserved G residues in the antisense strand. The underlined sequences were deleted from the DDace1pFET3-HA construct. (E) Schematic representation of the constructs pFET3-HA and DDace1pFET3-HA. In DDace1pFET3-HA construct, the putative Ace1-binding sites located at À578 bp and À640 bp were eliminated. (F) WT strain transformed with pFET3-HA or DDace1pFET3-HA were grown until mid-log phase in SC media containing 50 lM BCS (À Cu). Cells were harvested and resuspended in SC media supplemented with 2 mM CuSO 4 (+ Cu) for the indicated times. Fet3 protein levels were analyzed by western blot. Pgk1 was used as a loading control. Protein levels were normalized to Pgk1 and the ratios are indicated below the respective lane.
evaluating the expression of CTH2, a target gene of Aft1 [39, 40] , by qRT-PCR (Fig. 4A) . After copper treatment, the expression of this gene was upregulated in both strains, but a highly pronounced increased in CTH2 mRNA levels (about 9-fold) was observed in ace1 cells after 60 minutes of copper exposure, suggesting that Aft1 is more active in this strain (Fig. 4A) . To prove that the increase in CTH2 gene expression observed in the ace1 mutant was a consequence of the activation of Aft1, we transformed WT and ace1 mutant strains with a plasmid (pCTH2-LacZ) containing the Aft1 consensus binding sequence of the CTH2 promoter fused to the lacZ gene. As expected, in the mutant ace1, the reporter gene was strongly expressed as compared to the WT strain. However, deletion of the At1 consensus sequence from that plasmid (MUTpCTH2-LacZ) completely abrogated the reporter expression, indicating that the overexpression of the reporter in the absence of Ace1 was mediated by Aft1. In this sense, the unexpected increase in FET3 mRNA levels in ace1 cells noticed after 60 minutes of induction with copper ( Fig. 3A) might as well result from Aft1 activation. Furthermore, corroborating this hypothesis, we found that ace1 cells exposed to prolonged copper treatment exhibited higher intracellular copper and iron levels compared to WT cells, as measured by ICP-AES (Fig. 4C,D) . Accordingly, copper and iron contents in the ace1 strain were dependent on Aft1, as levels dropped in the ace1aft1 double mutant (Fig. 4C,D) .
As Aft1 activation depends on mitochondrial Fe-S cluster biogenesis status [41] and copper is known to displace Fe from Fe-S proteins [42] [43] [44] [45] , we hypothesized that Aft1 hyper activation in the ace1 mutant could be due to an increase in Fe-S mitochondrial damage. To test this, we measured the activity of aconitase (Aco1), a Fe-S cluster-containing enzyme, which is considered a good reporter of mitochondrial Fe-S protein biosynthesis (Fig. 4E) . We observed that copper treatment affects Aco1 activity in the wild-type and ace1 mutant strains, being the effect more accentuated in the latter. This finding is in agreement with the above results and reinforces the idea that Ace1 hampers Aft1 activation under copper loading conditions.
Discussion
In Saccharomyces cerevisiae, the transcription factor Ace1 mediates the response to copper overload, by activating genes such as CUP1 and CRS5, which encode proteins involved in the sequestration of free copper ions, and SOD1, whose product besides fulfilling this function also detoxifies reactive oxygen species generated by Cu-driven Fenton-type reactions [20, 35, 46] .
The data here presented clearly show that under copper overload Ace1 also regulates the FET3 gene, as both protein and transcripts levels are decreased in the mutant ace1 (Fig. 3) . Other authors reported that copper induces the expression of FET3, yet the mechanism underlying this regulation has remained unclear [24, 25] . Interestingly, the idea of Ace1 possibly playing a role in FET3 regulation was addressed by Gross et al. [25] . The authors demonstrated that ace1 cells failed to display copper-induced expression of FET3. They also showed that a reporter construct containing two putative Ace1-binding sites found in FET3 promoter was not able to drive the expression of the reporter gene and this finding led the authors to suggest that, rather than Ace1, a transient decrease in the cellular iron pools induced by copper should activate Aft1 and, consequently, FET3 expression. However, we cannot exclude the possibility that the chosen sequences were not relevant for Ace1-mediated gene activation, which would explain the discrepancy between those and our results. In this work, two lines of evidence suggest that the dependence of FET3 on Ace1 is not mediated by Aft1. First, the fet3 mutant is more sensitive to copper excess than the aft1 mutant (Fig. 1) . Second, FET3 expression is induced in the aft1 mutant in an Ace1-dependent manner (Figs 2E and 3B). Moreover, the existence of two conserved putative Ace1-binding sites in the FET3 promoter (Fig. 3D) , whose deletion impacts on gene expression (Fig. 3F) , strongly suggest Ace1 as a direct regulator of the FET3 gene.
Fet3 is important for Cu-detoxification and its deletion led to copper accumulation, resulting in toxicity and cell death [24, 26, 27] . Here, we demonstrate that the hyper accumulation of copper observed in the fet3 mutant is fully dependent on Aft1 (Fig. 1B) . We propose that Aft1 activation is triggered by the irondeficiency status of fet3 cells (Fig. 1C) . In such conditions, Aft1 would induce the expression of low-affinity iron transporters that would massively transport copper, given its abundance in the extracellular milieu. We show that at least three Aft1 targets (FET4, ARN4, and FRE1) may be involved in this process (Fig. 1D) , suggesting that the excessive uptake of copper observed in fet3 mutant is probably the consequence of the upregulation of several low-affinity membrane transporters (e.g., FET4) and/or genes involved in iron uptake (e.g., ARN4 and FRE1), instead of the action of a single protein.
The finding that Aft1 activity can be deleterious to cells under copper excess (Fig. 1A) , led us to put forward the hypothesis that Ace1 regulation of FET3 gene is serving the purpose of avoiding Aft1 activation. If copper induces a transient decrease in intracellular iron pools, as suggested by Gross et al. [25] , the activation of FET3 via Ace1 would re-establish iron homeostasis without the need of Aft1 activation. Accordingly with this hypothesis, after copper addition, we observed a drastic increase in the expression of the Aft1 target gene CTH2 in the ace1 mutant (Fig. 4A) , suggesting Aft1 hyper activation. Consistently, after prolonged treatment with copper (15 hours), the ace1 mutant accumulates higher copper and iron levels, in a Aft1-dependent manner (Fig. 4C , D, ace1 strain vs. aft1ace1 strain).
Aft1 responds to mitochondrial Fe-S biogenesis and both iron deficiency and copper excess impair the supply of Fe-S clusters to mitochondrial proteins [42] [43] [44] [45] . As such, either the over accumulation of copper noticed in the ace1 strain (Fig. 4C) or a possible transient reduction in the iron pool may led to a more accentuated defect in Fe-S cluster biogenesis, which would justify the observed Aft1 hyper activation.
Interestingly, we found the double mutant aft1fet3 to be more sensitive to copper (Fig. 1 ) than fet3 and aft1 single mutants, although it has a lower copper content as compared to fet3 (Fig. 2A) . These data suggest that Fet3 role in copper toxicity goes beyond the restriction of copper uptake by low-affinity iron Fe content of WT, aft1, ace1, and ace1aft1 strains were determined by ICP-AES, in SC medium (SC) or after treatment with 2 mM CuSO 4 (SC + Cu) for 15 h. (E) WT and ace1 strains were treated with CuSO 4 and aconitase activity (nmol/min/mg) was measured. Values are the mean of biological triplicates AE SD. Significance of differences was calculated with the t-test (**P < 0.05; *P < 0.08).
transporters. In line with these results, the Thiele group proposed that Fet3, being a copper protein, also detoxifies copper by scavenging copper ions [24] .
In light of the data described herein, we propose that under Cu surplus conditions, Ace1 is activated leading to the upregulation of the FET3 gene. The control of FET3 gene expression by Ace1 serves a dual purpose: on the one hand, as Fet3 is a copper-containing protein, it contributes to diminish the intracellular pool of free copper ions; on the other hand, it rectifies any transient increase in the cellular needs for iron. Together, these assure a proper mitochondrial Fe-S biogenesis and avoid the hyper activation of Aft1, thereby preventing an extensive uptake of copper ions through the low-affinity iron transporters (Fig. 5 ).
Materials and methods

Yeast strains, plasmids, and growth conditions
Saccharomyces cerevisiae strains used in this study are listed in Table 1 . Mutant strains were generated using the microhomology PCR method [47] . Mutants were confirmed by PCR analysis of genomic DNA using upstream-and downstream-specific primers (Table 2) . To construct the pFET3-LacZ plasmid, FET3 promoter sequence was Table 2 ). The PCR product was digested with XbaI and KpnI. The resulting fragment was inserted into the YEp356R vector. To construct the À500pFET3-LacZ plasmid, the 500 bp sequence upstream the starting codon of FET3 was amplified by PCR (Table 2 ). The PCR product was digested with EcoRI and the resulting fragment was inserted into an EcoRI-digested YEp356R vector. The MUTpFET3-LacZ plasmid was generated by site-directed mutagenesis using pFET3-LacZ plasmid as template and the primers listed in Table 2 . To construct the C-terminal HA-tagged version of FET3 (FET3-HA), one fragment comprising 863 bp upstream the ATG of FET3 and the coding region of FET3 and another including 0.5 Kb downstream the stop codon were amplified by PCR ( Table 2 ). The HA sequence was inserted in frame with FET3 ORF just before the stop codon. Both fragments were fused and inserted in a SmaI digested pRS416 vector. The DDace1-pFET3-HA plasmid was constructed by site-directed mutagenesis, using pFET3-HA plasmid as template and the primers listed in Table 2 . Plasmids containing consensus (pCTH2-LacZ/pCM64-CTH2-FeRE-CYC1-LacZ) or mutant (MUTpCTH2-LacZ/ pCM64-CTH2-FeRE-CYC1-LacZ M3) Aft1-binding sequences from CTH2 promoter fused to the CYC1 minimal promoter-LacZ reporter [39] were a gift from D.Thiele.
Yeast strains were grown at 30°C in synthetic complete media (SC: 0.67% ammonium sulfate-yeast nitrogen base without amino acids (Difco, Franklin Lakes, NJ, USA), 0.60% Bacto TM Casamino Acids (DIFCO) 2% D-glucose, supplemented with the appropriate amino acids, according to the strains auxotrophic markers) or SC lacking specific requirements (SD), as previously described [48] . Spot assays Table 2 . Oligonucleotides used in this study.
Oligonucleotide Sequence were carried out by spotting 5 lL of early exponential phase (OD 600 0.4-0.5) cultures sequentially diluted (from 5 9 10 3 to 10 cells per spot) in agar medium containing the indicated drugs. These assays were repeated at least twice. Cultures were grown for 2 days at 30°C. Escherichia coli strain XL1-Blue (Strategene, La Jolla, CA, USA) was used as the host for routine plasmid propagation purposes.
Immunoblot assays
Strains were grown until exponential phase (OD600 0.4-0.5), treated with the indicated drugs and harvested at different time points. Total proteins were extracted from cell cultures as described in [48] . Proteins were resolved in a 12% SDS/ PAGE and immunoblotted with the respective antibodies. Antibody 3F10 monoclonal antibody conjugated with Peroxidase (Roche Diagnostics, Mannheim, Germany) was used to detect the HA-tagged version of Fet3. Antibody peroxidase anti-peroxidase antibody (Sigma-Aldrich, Poole, UK) was used to detect the TAPtagged version of Fet3. Antibody anti-b-Galactosidase (Sigma-Aldrich) and horseradish peroxidase-bound anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used to detect b-Galactosidase. Pgk1 monoclonal antibody (Life Technologies, Paisley, UK) was used as loading control. Immunoblots were repeated at least twice with different protein extracts.
Quantitative Real-Time PCR analyses
Cells were grown until early exponential phase; cultures were left untreated or treated with 2 mM CuSO 4 . Cells were harvested at the indicated time points and RNA was isolated. RNA samples were next treated with DNase (TURBO TM DNase-free; Ambion, Cambridge, UK), according to the manufacturer's instructions and purified (RNeasy Kit, Qiagen, Hilden, Germany). Total RNA (1 lg) was reverse transcribed with transcriptor reverse transcriptase (Roche Diagnostics) according to the manufacturer's instructions. qPCR reactions were performed in the Light Cycler 480 II Real-Time PCR System (Roche Diagnostics), using Light Cycler 480 SYBR Green I Master (Roche Diagnostics). Relative standard curves were constructed for each gene, using triplicate serial dilutions of cDNA. The relative expression of the genes was calculated by the relative quantification method with efficiency correction, using the LIGHTCYCLER 480 Software 1.5 (Roche Diagnostics). The actin gene was used as a reference gene. All assays were made using biological and technical triplicates. Primers used in this assay are listed in Table 2 .
Measurement of copper and iron
Strains were grown to early exponential phase (OD 600 0.4-0.5) in SC medium and left untreated or treated with 2 mM CuSO 4 for 15 h. Cells were harvested and washed with 10 mM EDTA and metal-free water. Total Cu and Fe intracellular contents were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Data were normalized against OD 600 . All assays were made using biological triplicates.
Aconitase activity measurements
Aconitase activity was measured on mitochondrial extracts. Cells were grown until late-log phase in YPDGE medium (1% yeast extract, 2% peptone, 0.1% D-glucose, 3% glycerol, 2% ethanol), treated with 5 mM CuSO 4 for 4 h and harvested. Cells were lysed by the glass bead method with lysis buffer [Tris-HCl pH 7.5 5 mM, Sorbitol 0.6 M, and protease inhibitors (Roche Diagnostics)]. Mitochondria were isolated after centrifugation at 14000 g for 15 min. The substrate cis-aconitate was used to determine total aconitase activity by monitoring consumption of cis-aconitate at 240 nm using increasing amounts of mitochondrial extract. Protein concentrations were measured using the Bradford (Biorad) method, and specific aconitase activity was calculated. The lysis and enzymatic activity measurement steps were performed under an anaerobic atmosphere using buffers flushed with nitrogen gas.
